optical bandgap. More than 50 years later, after many generations of continued improvement, this material is still extensively used. More recently, the improved control over quantum dot and quantum well growth, particularly in III-V materials such as GaAs and InAs, has led to new paradigms for IR detectors. While these technologies have enabled exceptional applications and ever-increasing performance, the exotic nature of the materials can lead to issues of reliability, integration, size, cost, as well as geopolitical and environmental concerns due to the geographical location of these material sources or growth capabilities. This, coupled with the constant search for new and more complex applications, has spurred a tremendous amount of interest in exploring new materials and detection modalities. In particular, nanomaterials, nanodevices, and nanosystems possess unique intrinsic optoelectronic, geometrical, and structural properties that could enable photodetectors with new form factors, tunability, fl exibility, reconfi gurability, etc.
Introduction
Photodetectors play important roles in many areas of modern life. For example, the size reduction and performance improvements of charge-coupled devices [ 1 ] based on silicon have led to the ubiquitous presence of color cameras in portable smart phones, and enabled the era of digital cinematography. Photodetectors that operate in the infrared (IR) spectrum [ 2 ] are being used extensively in national security applications such as night vision, remote sensing, [ 3 ] environmental monitoring, and surveillance. The extension of photodetector technology to the terahertz (THz) [ 4 ] has opened new fi elds and shows promise in a number of emerging areas such as medical imaging, [ 5 ] food inspection, [ 6 ] and security. [ 7 ] These many applications of photodetectors and their increasing performance have been enabled by the continuous discovery and improvement of materials. For example, ultrasensitive midwave-IR detectors are often based on HgCdTe, a material that was fi rst discovered in the 1960s, and soon identifi ed as promising for IR applications due to its small, tunable
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of CNTs (see Figure 1 ) coupled with their 1D nature lead to important differences for the optical properties compared to graphene.
The fi rst important difference is due to the fact that each subband in a CNT has a specifi c angular momentum, and as a consequence, there are selection rules for optical transitions. For example, optical absorption can be maximized or suppressed depending on the wavelength and the direction of light polarization with respect to the CNT axis. A second important difference arises because of the enhanced Coulomb interaction in quasi-1D materials. This leads to a signifi cant binding energy for excitons, which dominate the visible, near-infrared, and midinfrared optical absorption in CNTs. This has important consequences for photodetectors because large enough electric fi elds must be present to dissociate the exciton in photoconductive or photovoltaic devices. Note that doping of the CNT can affect the excitonic properties, [ 16, 17 ] and that it can lead to intraband transitions and to THz absorption due to plasmons. [ 18 ] In the case of metallic CNTs, [ 19, 20 ] the interband transitions between the linear bands are not allowed due to symmetry even though the density of states is constant in a broad range of energies around the Fermi level. As a consequence, the optical absorption in the near-infrared, visible, and UV ranges are dominated by excitonically modifi ed interband transitions between parabolic bands, similar to semiconducting nanotubes.
The mobility of semiconducting CNTs depends significantly on the method used to prepare the CNTs and devices. For example, individual CVD-grown CNTs have been shown to have mobilities as large as 10 000 cm 2 V −1 s −1 , while solutionprocessed CNTs have much lower mobilities that can attain 300 cm 2 V −1 s −1 . [ 21 ] The Seebeck coeffi cient of metallic and semiconducting CNTs behaves similarly to the case of graphene. At zero doping, both semiconducting and metallic CNTs have zero Seebeck coeffi cient; as the doping increases, the metallic CNTs reach a maximum Seebeck coeffi cient of 40 µV K −1 while the maximum for semiconducting CNTs is 300 µV K −1 . [ 22 ] The thermal conductivity of individual CNTs depends on the diameter, temperature, and quality of the CNTs, but typically has values between 1000 and 3000 W m −1 K −1 . [ 23 ] The above discussion describes the properties of individual CNTs, but for applications, thin fi lms of CNTs are most likely to be adopted. While in some cases the properties of thin fi lms can be considered as those of the individual components, most often this is not the case. For example, most CNT thin fi lms are composed of randomly oriented individual CNTs such that electronic transport is through CNT-CNT junctions. This affects the mobility, the Seebeck coeffi cient, and the thermal conductivity. However, for disordered thin fi lms, the optical absorption can be considered a superposition of the individual absorptions. In the case of thin fi lms with aligned and dense CNTs, new effects come into play. For example, collective antenna effects are found in the THz, [ 24 ] and CNT-CNT interactions can lead to small shifts of the excitonic transitions.
Carrier recombination processes in CNTs are affected by a number of factors, including metallicity, individuality, doping, temperature, and carrier density. In CNT fi lms consisting of mixed semiconducting and metallic CNTs, the recombination time is less than 1 ps due to the rapid nonradiative decay through metallic CNTs. [25] [26] [27] In individually suspended semiconducting CNTs under weak optical excitations, the carrier recombination time is larger by one order of magnitude, [ 17 ] which allows the diffusion length of excitons along CNT channel to be as long as hundreds of nanometers. [ 28, 29 ] Under strong optical pumping, however, rapid Auger recombination (exciton-exciton annihilation) occurs, [30] [31] [32] making recombination times shorter with increasing carrier density, especially at high temperatures where exciton diffusion-induced collisions are accelerated. [ 33 ] In the context of bolometers, the temperature coeffi cient of resistance (TCR) is an important quantity, defi ned as
The TCR of CNT fi lms is normally far less than 1%/K at room temperature. However, it can be enhanced by type separation and the incorporation of certain types of polymers. For example, the TCR of the semiconducting-SWCNT/PVP (polyvinylpyrrolidone) composite can be up to ≈6.4%/K, [ 34 ] which is higher than the TCR (>3%/K) of vanadium oxide-the current leading platform for uncooled bolometric detection. [ 35 ] 
Performance Metrics for Photodetectors
In this review, we focus on the pixel-level performance of photodetectors as opposed to the image-level performance, and we are thus mainly concerned with the basic effi ciency of optical to electrical energy conversion. It is important to reiterate that quantitative performance metrics must be taken in the context of the maturity of the technology, and other attributes such as ease of integration, cost, power requirements, etc.
The simplest performance metric is the responsivity defi ned as voltage generated incident optical power
or current generated incident optical power 
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In our case, we take these two measures to be equivalent in the sense that the internal resistance of the device relates the voltage and the current. (We note that sometimes the absorbed power is used in these defi nitions, but this artificially increases the performance; we do not follow this practice here.)
Other metrics for photodetectors are the external and internal quantum effi ciencies, [ 36 ] defi ned as EQE photocurrent/charge of one electron incident optical power/energy of one photon = (4)
Besides the responsivity, EQE, and IQE, additional performance parameters for photodetectors working at zero bias also include the short-circuit current, I sc , open circuit voltage, V oc , fi ll factor (FF), and power conversion effi ciency ( η ). [ 37 ] The fi ll factor and power conversion effi ciency are defi ned by
where I M and V M describe the values of photocurrent and photovoltage at which the output power reaches its maximum, and P in is the incident power density. While the above parameters give insight into the effi ciency of the photoresponse mechanisms, for photodetectors what matters is the signal-to-noise ratio. Thus, a more complete metric for photodetectors is the noise-equivalent-power (NEP) defi ned as NEP = noise spectrum responsivity (8) where the noise spectrum has units of − VHz 1/2 for a responsivity R V so that the NEP has units of − WHz 1/2 . This value defi nes the smallest power that can be detected over the noise. An equivalent metric that normalizes the NEP by the active area of the detector A is the specifi c detectivity
(Note that this defi nition goes together with the above defi nition of NEP; a common alternative approach is to include the detector bandwidth in the defi nition of D * , in which case the defi nition and units of NEP are different). Finally, the speed of response is also important when selecting a detector for a particular application. Here, we defi ne the speed of response from either the rise or fall time of the photosignal τ , or the cut-off frequency f c the two are related as πτ = − 2 c 1 f .
Types of Photodetectors
We classify photodetectors into fi ve types based on the fundamental photoresponse mechanism-photoconductive, photovoltaic, photogating, bolometric, and photothermoelectric, corresponding to photodetectors known as photoconductors, photodiodes, phototransistors, bolometers, and photothermopiles, respectively.
Photoconductive
In photoconductors, optically created electron-hole pairs are separated in the channel due to electric fi elds created by an applied source-drain bias. The I -V curve under illumination has the same shape as the one in the dark, but multiplied by a constant factor. In particular, there is no photocurrent generated at zero bias, as illustrated in Figure 2 .
Photovoltaic
The photovoltaic effect that occurs in photodiodes is similar to the photoconductive case, except for the presence of a net electrical fi eld in the absence of a source-drain bias. As a consequence, a photocurrent is observed at zero bias. This mechanism is usually observed in rectifying devices, which can be realized with a builtin p-n junction or with an asymmetric-contact device where one of the contacts is of Schottky type while the other is ohmic. (A photovoltaic effect can also be observed in back-to-back Schottky contacts if only one of the contacts is illuminated.) The photovoltaic effect is also the mechanism found in solar cells.
Photogating
In a typical fi eld-effect transistor confi guration, a gate voltage is used to modulate the current fl ow between source and drain electrodes, with a sharp transition between the ON and OFF states of the transistor. Any optically induced change in the effective gate voltage will cause a change in the source-drain current that can be electrically detected. This type of photodetector is called a phototransistor. In this case, one is typically interested in the change of the transfer characteristics of the FET upon illumination, which is usually manifested as a shift of the transfer curve.
Bolometric
In bolometers, the absorbed light increases the temperature of the active material causing a change in its resistance. The resistance can increase or decrease depending on the temperature coeffi cient of resistance (TCR) of the active material. The I -V curves do not show a photocurrent at zero bias, and the curves look similar to the photoconductive case if the TCR is negative.
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However, in this case, a photocurrent is obtained by exploiting the Seebeck effect where the application of a temperature gradient across a thermoelectric material generates a voltage. This type of photodetector is called photothermopile (or sometimes just thermopile). The different ways in which the photothermoelectric effect can be harnessed for photodetection will be discussed further below, but a general signature is an I -V curve that is rigidly shifted upon light absorption. This is similar to the photovoltaic effect in that a photocurrent is generated at zero bias, except that no rectifying I -V curve is required.
CNT Phototransistors
The area of CNT phototransistors is the least mature in terms of devices that are relevant for applications. CNT transistors were used early on to study the basic photophysics of individual CNTs, but few studies have actually demonstrated a phototransistor action, as shown in Table 1 . By this we mean a mechanism where the threshold voltage of the transistor is shifted due to illumination, as discussed in Figure 2 .
A few examples have appeared where charge traps in the underlying substrate can lead to photogating, [ 38 ] but such phenomena are diffi cult to control and implement in real applications. More promising are approaches that intentionally introduce photosensitive elements in close proximity to the CNTs that serve as effective gates. One example of this approach is to functionalize the CNTs with molecules such as azobenzenes that undergo a cis-trans transition upon light absorption, accompanied with a large change in dipole moment [ 39, 40 ] which serves as an additional gate for the CNT transistor. This approach has demonstrated a very high responsivity of 10 4 A W −1 , with spectral selectivity using appropriately designed chromophores, but so far it has only been applied to individual CNT devices in the visible range. Quantum dots [ 41 ] with absorption in the visible have also been used in the same spirit. Most recently, Bao et al. reported a novel phototransistor with a detectivity of 10 9 cm Hz 1/2 W −1 in the near-IR. [ 42 ] The device used a combination of a SWCNTs and C 60 to separate optically generated electron-hole pairs, with the C 60 serving as electron traps and the SWCNT fi lm as the hole carrier. By controlling the biased voltage and keeping a short channel length (≈1 µm), the device realized a much faster carrier transit time ( τ tran ≈ 100 ns) compared to the carrier recombination time ( τ life ≈ 2-3 ms), leading to a photoconductive gain ( G photo = τ life / τ tran ) on the order of 20 000-40 000, and a high responsivity of ≈97.5 A W −1 .
CNT Photoconductors
A major problem for SWCNT photoconductors is that photoinduced electron-hole pairs have strong binding energies on SWCNT/C 60 thin fi lm [42] FET 2-4 ms 97.5 10
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the order of several hundreds of meV, [ 43, 44 ] which exceeds the room temperature thermal energy. Consequently, the separation of electron-hole pairs is ineffi cient without a strong electric fi eld, and therefore curtails the detector performance. Table 2 summarizes some major results for CNT-based photoconductors from 2003 to 2014, including both individual semiconducting SWCNTs and SWCNTs fi lms. The progress in CNT photoconductors is due to the development of various methods of electron-hole pair separation. The most effi cient method is to form bulk heterojunctions (BHJs) by blending CNTs with certain types of polymers, such as poly [3-hexylthiophene] (P3HT). [ 47 ] The highest detectivity of 2.3 × 10 8 cm Hz 1/2 W −1 in the NIR has been realized for a photoconductor based on s-SWCNT/P3HT BHJs. [ 47 ] The fi rst experimental observation of CNT photoconductivity was reported by Fujuwara et al. at 2001, in which time-resolved photocurrent was detected in SWCNT fi lms. [ 49 ] In 2003, Freitag et al. demonstrated the generation of photocurrent due to the electron-hole pairs separation in individual SWCNTs under an external electric fi eld. [ 45 ] The experiment was performed on an ambipolar FET made with an individual semiconducting SWCNT (see Figure 3 a). (Note that even though a FET is used, the photoresponse is not due to photogating). A large photocurrent of around 100 pA was observed under a laser illumination with a wavelength range of 780-980 nm and a power of ≈5.6 kW cm −2 , as shown in Figure 3 c. The nanotube FET acted as a photoconductor with an estimated EQE of ≈10%. Later, numerous studies put attention on the spatially-and spectrally resolved photocurrent of individual CNT devices to explore the electron-hole pair generation and separation in semiconducting SWCNTs [50] [51] [52] [53] [54] [55] and the nanophysics of individual CNT devices such as the formation of Schottky barriers at the CNT-metal electrode interfaces. [56] [57] [58] [59] [60] [61] [62] [63] Although photoconductors based on individual CNTs are a useful platform to investigate the photophysics of nanodevices, the signal is too weak for practical photodetection due to the small absorption cross section. In order to improve responsivity, CNT photodetectors need to be extended to large area samples, such as CNT arrays or CNT fi lms.
A photoconductor based on a single layer of horizontally aligned SWCNTs was reported by Wang et al. [ 64 ] In their work, the devices consisted of arrays of aligned SWCNTs grown across a silicon trench (40 µm), with electrodes contacting the two ends of the as-grown SWCNTs. The resistance dropped by 22.86% under IR radiation with power less than 4 mW, and the measured response time was around 0.5 ms. The authors suggested that the photoresponse mechanism was electronhole pair separation along the CNT channel due to the applied external electric fi eld. No responsivity or detectivity was estimated for these devices, but unfortunately, the low density of CNTs (approximately one tube per micrometer) still gives a small absorption cross-section. Thus, to further improve the performance, it is necessary to develop approaches based on thicker fi lms of CNTs where 100% of the light is absorbed, which requires a fi lm thickness larger than 60-100 nm.
Initial reports of photodetectors based on such thin fi lms were based on CNT networks, in which metallic and semiconducting CNTs are mixed together. The photoresponse mechanism of these detectors was predominantly due to thermal effects, such as the bolometric effect [ 65 ] and the photothermoelectric effect, [ 66 ] as we will discuss in later sections. However, a technique known as capacitive photocurrent spectroscopy was adopted to study the photocurrent spectrum in individual CNTs [ 53, 54 ] and in pure CNT fi lms, [ 52 ] which can distinguish the photoconductive effect from the thermal effect. Results showed that in CNT fi lms electron-hole pairs can be dissociated into free carriers under large external electrical fi elds. Nonetheless, the portion of photoconductivity contributed by the electron-hole pair separation is usually much smaller compared to charge trapping effects from oxygen [ 67 ] and bolometric effects. [ 65 ] One possible way to enhance the separation of electron-hole pairs is to incorporate CNTs into certain types of polymers. Pioneering work in this fi eld was done by Chen et al. [ 46, 68 ] In their work, IR photoconductors were made using composites of SWCNTs and polycarbonate (PC), in which the photoconductive effect was considered to outweigh thermal effects. The fi lms were put on ceramic substrates allowing good heat dissipation to inhibit the thermal effect (see Figure 4 a). The photoconductivity of the SWCNT-PC composite was increased by more than one order of magnitude compared to the pure SWCNT fi lm under the same conditions. The photoconductivity enhancement was different for CNTs grown by different methods; for example, the resistance change due to IR illumination of CoMoCAT samples was larger than that of HiPco samples, and arc-discharge CNTs showed the weakest photoconductivity. This was ascribed primarily to the different abundance of semiconducting SWCNTs, with the higher concentration of semiconducting SWCNTs leading to the larger photoconductivity. [ 68 ] The photoresponsivity of the device was around 0.4 µA W −1 under near-IR irradiation (1.3 µm), as shown in Figure 4 b, with a response time around 40-60 ms (see Figure 4 c). The temperature increase of CNT fi lms upon illumination was also measured and experimental data were analyzed based on fl uctuation-induced tunneling (FIT) conduction in carbon-polymer composite [ 69 ] Individual s-SWCNT [45] FET ≈10% N/A ≈0.1 pA W −1 N/A 0.78-0.98 SWCNT/PC [46] Composite N/A 40 ms
s-SWCNTs/P3HT [47] BHJ b) (86%) 0. 
results showed that the contribution to photoconductivity by thermal effects was smaller than that due to photoconductive effects. This might not be conclusive due to certain assumptions and inaccuracies in the calculation of thermally induced photoconductivity from FIT model. [ 68 ] Nevertheless, the presence of the polymer was considered to enhance the local electric fi eld around the semiconducting SWCNTs and help the separation of optically generated electron-hole pairs and thus enhance the photoconductive effect. [ 46, 68 ] Later studies found that other types of polymers can form heterojunctions with CNTs, such as (6,6)-phenyl-C71-butyric acid methyl ester (PC71BM), [70] [71] [72] and poly [3-hexylthiophene] (P3HT). [ 47, 73, 74 ] These polymers can be blended with semiconducting nanotubes to form so-called bulk heterojunctions (BHJs), [ 47, 72 ] introducing numerous nanoheterojunctions in the whole blended fi lm. The free electrons and holes separated at the junctions form the photocurrent under an applied electric fi eld. For example, Wu et al. reported a semiconducting-SWCNT/P3HT BHJ photoconductor with a detectivity of 2.8 × 10 8 cm Hz 1/2 W −1 , as shown in Figure 5 . [ 47 ] In general, the BHJ structure is convenient for application to different materials. [ 48 ] For example, the same group found that graphene could form heterojunctions on MWCNTs, with an IR detectivity ≈1.5 × 10 7 cm Hz 1/2 W −1 .
CNT Photodiodes
The development of CNT photodiodes has been approximately going through the same three phases as photoconductors: (i) individual semiconducting SWCNT photodiodes, (ii) photodiodes based on semiconducting SWCNT arrays or fi lms, and (iii) photodiodes based on semiconducting-SWCNT fi lm/polymer heterojunctions. Individual SWCNT [75] p
SWCNT array [76] BFBD [ 45 ] p-i-n diodes, [ 75 ] barrier-free bipolar diodes (BFBD), [ 76 ] and heterojunctions. [ 77 ] The development of CNT photodiodes tackles two key problems: (i) how to construct a device to effi ciently separate electron-hole pairs into free carriers and (ii) how to increase the absorption cross-section of the device. As shown in Table 3 , in recent years, signifi cant progress has been made, with the responsivity increasing from ≈pA W −1 to ≈A W −1 . So far, the most successful CNT-based photodetector is the one based on SWCNT/C 60 PHJ with an EQE of 12% and a detectivity approaching ≈10 12 cm Hz 1/2 W −1 . [ 77 ] 
Photodiodes Based on Individual SWCNTs
Early studies showed that electron-hole pairs separation and photocurrent generation can be achieved by the built-in fi eld in a CNT Schottky and p-n diode. [ 56, 75, 79 ] Typical values for individual CNT photodiodes are V oc ≈ 100 mV and I sc ≈ 100 pA under incident power densities of ≈1 kW cm −2 and FF ≈ 0.4. [ 79 ] Such low sensitivity is due to extremely small absorption crosssection of individual CNT devices. In fact, the signal from individual CNTs is too weak to be useful for practical IR detection, [ 37 ] but an individual CNT diode provides an ideal platform to study the mechanisms of photocurrent generation in CNTs, such as the exciton dynamics as well as many other optoelectronic properties of CNTs. [ 79 ] The individual semiconducting SWCNT p-i-n diode was fi rst developed by . [ 75 ] The device used electrostatic doping by two split gates to form an n-region and p-region in adjacent parts of the same SWCNT (see sketch in Figure 3 b). As shown in Figure 3 d, the diode generated a photocurrent of ≈5 pA under IR illumination with a power density ≈20 W cm −2 . The FF of the CNT p-i-n diode was estimated to be in the range of 0.33-0.52, and the power conversion efficiency η ≈ 0.2%.
This split-gate technique has been used as an ideal tool to investigate electronic and optoelectronic properties of CNTs. [ 55, [80] [81] [82] [83] [84] [85] In 2013, Barkelid et al. systematically studied the photocurrent generation of SWCNT p-n diodes. [ 85 ] Their studies revealed that the photocurrent generation of metallic nanotubes was due to thermal effects, while the photovoltaic effect was responsible for the photocurrent generation in semiconducting nanotubes. Furthermore, recent measurements with the split gate platform indicate the coexistence of photovoltaic and photothermal effects, with their relative importance depending on the doping profi le. [ 86 ] Apart from split-gates, chemical doping and asymmetric contacts have also been used to build CNT diodes. [ 37, [87] [88] [89] Shim et al. reported a CNT p-n diode made by polymer doping, which showed a performance comparable to that obtained using the electrostatic doping approach. [ 87 ] An alternative diode structure named barrier free bipolar diode (BFBD) is based on asymmetric contacts (as illustrated in Figure 6 a), and was fi rst developed by Peng et al. [ 88, 90 ] It consists of an intrinsic semiconducting SWCNT that is asymmetrically contacted with Pd and Sc or Y. In this diode, it is thought that Pd forms an ohmic contact with the valence band of the CNT, while Sc or Y forms an ohmic contact with the conduction band, giving rise to a band bending across the whole device channel if the channel length is less than the depletion width at the contacts. Under 
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illumination, free electrons and holes are formed as a result of the separation by the built-in electric fi eld, and are then driven to the electrodes to yield a short-circuit photocurrent or opencircuit photovoltage (see Figure 6 b ). [ 37 ] The device structure is relatively simple, involves only doping-free fabrication processes, and exhibits similar or better IR response compared to other types of individual CNT diodes. Peng et al. tried to optimize photodetectors based on BEBD of individual semiconducting SWCNTs in various ways, such as studying the effects of channel length, [ 91, 92 ] fabricating virtual contacts on the single channel, [ 93, 94 ] and coupling CNTs with plasmonic nanostructures of Au. [ 95 ] 
Photodiodes Based on SWCNT Films
Similar to CNT photoconductors, the absolute absorption of an individual CNT photodiode is insuffi cient for most photodetector applications. [ 37 ] Such applications require the use of large-area CNT fi lms to design more realistic photodiodes. Two problems have to be considered in order to make a SWCNTfi lm-based photodiode with high speed and sensitivity. First, electronic-type purifi cation of SWCNTs needs to be addressed. As will be discussed further below, the presence of metallic CNTs can render the photoresponse of CNT fi lms thermally dominated, [ 85 ] leading to devices with lower speed and sensitivity. So in order to inhibit thermal effects, it is critical to remove or isolate the metallic CNTs from semiconducting ones. Second, one needs to increase the effi ciency of electron-hole pair separation in bulk SWCNT fi lms. The numerous intertube junctions and smalldiameter CNTs in a bulk fi lm tend to trap excitons, increase the probability of nonradiative relaxation, and decrease the effi ciency of free carrier collection. [ 29 ] One strategy is to use aligned semiconducting SWCNT arrays, in which intertube junctions can be minimized and excitons can, in principle, easily diffuse along the SWCNT channel to electrodes. Horizontally aligned SWCNT arrays grown on quartz wafers are a good option except for the low CNT density of approximately tens of tubes per micrometer. With a CNT-FET structure, the metallic CNTs in the CNT array can be broken down by applying a large drain-source current along the channel, while the semiconducting SWCNTs are kept intact by electrically shutting them down using a back gate. [ 96, 97 ] (Note that while this technique works for sparse monolayer arrays, it is diffi cult to implement for dense or thick fi lms due to heat dissipation to nearby CNTs that also causes them to break down.) As mentioned in the last section, the BFBD is an ideal architecture to form individual CNT diodes. Peng et al. implemented the approach to SWCNT networks [ 96 ] and then to aligned SWCNT arrays (shown in Figure 6 c). [ 76 ] The IR photovoltaic detector based on the semiconducting SWCNT array was very successful with a much better performance than that of individual CNT devices. Under IR illumination (785 nm), the shortcircuit photocurrent increased linearly with increasing incident power density, and the open-circuit photovoltage increased logarithmically with increasing light intensity, exhibiting typical photodiode behaviors, as shown in Figure 6 Figure 6a ,b is reproduced with permission. [ 37 ] Copyright 2013, John Wiley and Sons. Figure 6c ,d is reproduced with permission. [ 76 ] Copyright 2012, Optical Society of America.
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This was the fi rst experimental estimate of the detectivity of a CNT photonic detector, which was already larger than that of most CNT bolometers. The performance could be further improved by increasing the density of semiconducting SWCNTs in the channel: it was estimated that if the CNT density reached 60 tubes per micrometer, the D * of the device would be nearly one order of magnitude larger and reach ≈10 8 cm Hz 1/2 W −1 . It is worth noting another CNT device based on BFBD, where serpentine SWCNTs grown on quartz form parallel arrays of diodes. [ 99, 100 ] A light-emitting diode (LED) based on serpentine SWCNTs showed the enhancement of light emission compared to a similar device fabricated with aligned SWCNT arrays. [ 100 ] Reversibly, it could be used as a photodetector with increased absorption cross section and improved responsivity.
Photodiodes Based on Planar SWCNT Film-Polymer Heterojunctions
As discussed in the last section, BFBD detectors based on SWCNT arrays suffer from the low densities of SWCNTs in the device channel. Recently, by using appropriate polymers, a more effi cient device architecture has been developed due to the great enhancement of electron-hole separation. This new device architecture consists of planar interfaces between semiconducting SWCNTs and a conjugated polymer. [ 29 ] As shown in the diagram of Figure 7 a, the principle is to construct a planar donor/acceptor type-II heterojunction between the semiconducting SWCNTs and a certain type of polymer. This heterojunction has a large band offset, which exceeds the binding energy of excitons in SWCNTs, driving spontaneous separation of electron-hole pairs at the interface between the semiconducting SWCNTs and the polymer. The electron-hole pair separation then results in charge transfer from the semiconducting SWCNTs to the polymer, creating a photocurrent.
Studies showed that C 60 and its derivative ( [6, 6] -Phenyl C61 butyric acid methyl ester ([C61]-PCBM)) have large enough electron affi nity (≈4 eV) to serve as electron-accepting materials for the extraction of photogenerated electrons from CNTs, and polymers such as poly (3-octylthiophene) (P3OT) have small enough ionization potential (≈5 eV) to extract photogenerated holes. [ 98 ] Of note is that n-type Si or Si nanocrystal can also form heterojunctions with SWCNTs and extract electrons from them. [101] [102] [103] [104] Photodetectors based on semiconducting SWCNTs/polymers heterojunctions have been successfully realized by several groups using a variety of charge-accepting materials. [ 47, [70] [71] [72] [73] [74] [75] [76] [77] [78] 98 ] The performance of these detectors has been dramatically improved compared to the SWCNT array detector and CNT-polymer photoconductors. Among them, semiconducting SWCNT/C 60 planar heterojunction (PHJ) detectors are particularly successful and have been investigated extensively. [ 77, 78, 105, 106 ] Bindl et al. systemically investigated the separation of electron-hole pairs at the interface between semiconducting SWCNT thin fi lms and a series of polymeric photovoltaic materials. [ 98 ] The results showed that C 60 was one of the most effi cient electron accepting materials to SWCNTs, with the photoresponsivity of SWCNT/C 60 PHJ a few times larger than that of other SWCNT/polymer PHJ devices. [ 98 ] A planar type-II heterojunction was formed by vertically stacking a layer of C 60 on the top of a semiconducting SWCNT thin fi lm. Photogenerated excitons are effi ciently dissociated at the interface of the SWCNT/C 60 heterojunction, and electrons are transferred from the SWCNT layer into the C 60 layer, giving an open-circuit photovoltage and short-circuit photocurrent, as shown in the Figure 7 c,d . The good performance of the detector relies on three important conditions: (i) the SWCNTs must be isolated from each other, and in particular, the metallic CNTs need to be removed or isolated from the semiconducting CNTs; [ 98 ] (ii) the thickness of the SWCNT fi lm must be in the range of the exciton diffusion length, allowing the majority of excitons to arrive at the interface before recombining, so the optimal thickness of the SWCNT fi lm needs to be less than 10 nm; [ 107 ] and (iii) the band gap of nanotubes should be large enough, because as the band gap decreases, the driving force for electron separation at the heterointerface decreases; therefore, SWCNTs with diameter larger than 1 nm are unfavorable to form the heterojunction with C 60 , implying an upper limit for the working wavelength of this type of PHJ detector. [ 29 ] In 2009, Forrest et al. presented a visible to near-IR photovoltaic detector based on semiconducting-SWCNTs/C 60 PHJ. [ 78 ] The detector showed excellent performance with a D * larger than 10 10 cm Hz 1/2 W −1 in the wavelength range from 400 to 1400 nm, and a response time of ≈7.2 ns. The EQE and IQE were 2.3% and 44%, respectively, at a wavelength of 1155 nm. In 2012, Bindl et al. developed a more successful semiconducting-SWCNT/ C 60 -based IR detector with a D * up to 6 × 10 11 cm Hz 1/2 W −1 (see Figure 7 f ). [ 77 ] The maximal EQE and IQE were increased to 12.9% and 91%, respectively. In this device, the semiconductorenriched SWCNTs were wrapped by poly (9,9-dioctylfl uorene) (PFO) as the active layer. Later work by this group showed that the EQE of the detector could be further improved by removing the excessive PFO and by proper choice of CNT chirality. The highest EQE of ≈34% was achieved on a photovoltaic detector based on the monochiral (7,5)-SWCNT/C 60 PHJ, in which the thickness of the SWCNT layer was around 7 nm. [ 108 ] Further improvements in planar heterojunctions could come from engineering the CNT material to optimize photon collection and exciton separation. On the one hand, because the thickness of CNT fi lms for total optical absorption (99%) in the IR region is on the order of hundreds of nanometers, [ 65 ] further improvement of the EQE of PHJ detector could be achieved by increasing the thickness of the SWCNT fi lm. However, as the exciton diffusion toward the interface is limited to ≈5-10 nm by poor internanotube coupling, most of the excitons created in the thicker fi lms will not diffuse to the interface. Hence, a key problem is to improve the electron-hole pair diffusion, and one possibility is to use vertically aligned SWCNTs covered by a layer of C 60 , in which electron-hole pair could diffuse along the CNTs toward the heterojunction, avoiding the hopping at intertube junctions. [ 29 ] 
CNT Bolometers
Generally, photonic detectors can offer high sensitivity and fast speed compared to thermal detectors in the visible and NIR. As the wavelength increases (and the required band gap decreases), cryogenic cooling is required to maintain the performance of photonic detectors. On the other hand, thermal
Adv. Optical Mater. 2015, 3, 989-1011 www.MaterialsViews.com www.advopticalmat.de REVIEW detectors such as bolometers can operate in an uncooled mode within a broad wavelength range. Therefore, thermal detectors play a very important role in the MIR and longer wavelength regions (e.g., THz), where photonic detectors are less effi cient.
Bolometers operate via the absorption of electromagnetic radiation and its conversion into heat, which in turn changes the resistance of the active material according to its temperature coeffi cient of resistance (TCR). To assess the sensitivity of a bolometer, the responsivity is given by the following expression [ 109 ] 
where Δ P is the incident power on the active detection area, Δ V is the corresponding voltage change, η is the absorption efficiency, R is the resistance of the active material,
is the TCR, G is the thermal conductance to the substrate, C is the heat capacitance of the detector, and ω is the modulation frequency. The response time is given by
Based on Equations ( 10) and ( 11) , we can see that effi cient bolometers require large optical absorption, high TCR, low heat capacity, and good thermal isolation to the environment (small G ).
Recently, many efforts have focused on building room-temperature IR bolometers based on CNT thin fi lms since CNTs possess excellent thermal characteristics, such as high IR absorption, [ 54 ] low specifi c heat capacity, [ 118 ] and thermal stability. [ 119 ] However, the room temperature TCR of a pristine CNT fi lm is normally ≈0.1%/K, [ 65, 120 ] while the TCR of vanadium oxide exceeds 3%/K, which is the current leading platform for uncooled bolometric detection. [ 35 ] Generally, there are two major paths to improve a CNT-bolometric detector: (i) increase the TCR of CNT fi lms and (ii) reduce thermal links (decrease G ) of the device. As far as the fi rst aspect is concerned, many methods have been explored such as the variation of CNT fi lm thickness, [ 65 ] sorting CNTs by electronic type, [ 34 ] investigating the optimal diameter distribution of CNTs, [ 121 ] and engineering the activation energy for charge transport at intertube junctions by embedding CNTs into a polymer matrix. [111] [112] [113] [122] [123] [124] As for the second aspect, the focal point is how to suspend the device effi ciently through various techniques. [ 109, 115 ] During the last decade, CNT-based bolometric detectors have made substantial progress and the performances of these 
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detectors are continuously being improved. Table 4 lists some of the most important results from 2006 to 2015, in which all device parameters were measured at room temperature. In terms of active materials, we can roughly categorize CNTbased bolometric IR detectors into three groups: (i) SWCNT fi lms, [ 65, 109, 110, 125 ] (ii) SWCNT-polymer composites, [111] [112] [113] [122] [123] [124] and (iii) MWCNT bundles or fi lms. [114] [115] [116] [117] [126] [127] [128] [129] [130] [131] Except on some rare occasions, the typical response time of these devices is in the range of tens of milliseconds, and the typical detectivity is ≈10 6 -10 7 cm Hz 1/2 W −1 with working wavelengths extending from the near IR (≈0.94 µm) to long-wavelength IR region (≈20 µm). However, the detectivity of current CNTbased bolometers is still one to two orders lower than that (≈10 8 cm Hz 1/2 W −1 ) of commercial bolometers. [ 35 ] In going from SWCNT fi lms to SWCNT-polymer composites, the TCR has been improved from ≈0.1 to ≈10%/K. Unfortunately, as we shall discuss later, the increase of TCR also came at the cost of other important properties such as the response time.
Bolometers Based on SWCNT Films
Early reports regarding CNT bolometers were based mainly on SWCNTs. In 2006, the pioneering work of the Haddon group demonstrated a high IR photoresponse of suspended SWCNTs in vacuum induced by a bolometric effect, [ 65 ] as shown in Figure 8 . Thin fi lms of arc-discharge CNTs with different thicknesses (40 nm-1 µm) were held in vacuum under IR radiation with an incident power of 0.12 µW and peak wavelength of 940 nm at a temperature ≈50 K. The resistance of the suspended CNT fi lm (with 40 nm thickness) decreased by 0.7% with a response time of ≈50 ms while the unsuspended CNT fi lm showed no detectable resistance change. Furthermore, the values of TCR for different samples were measured, with the thinnest sample (≈40 nm) showing the highest TCR change from ≈0.7% and 2.5% in the temperature range from 330 to 100 K, but the TCR of the thicker fi lm (≈1 µm) was less than 0.1% in 330 K and increased only to 0.5% at 100 K.
According to this work, the suspension of SWCNT fi lm is imperative to achieve good thermal insulation and therefore a suffi cient IR photoresponse. Also, the thickness and operating temperature play important roles in determining the TCR. The ideal bolometer should therefore be made using perfectly suspended CNT fi lms with thickness of tens of nanometer. Wu et al. reported a pristine SWCNT thin fi lm IR bolometer with a thickness of ≈80 nm suspended on parallel Si microchannels developed by electron-beam lithography. [ 109 ] The response time of the detector was 40-60 ms with a detectivity of ≈4.5 × 10 5 cm Hz 1/2 W −1 at room temperature. This technique makes the scalable microscopic suspension of CNT thin fi lms possible. Recent work demonstrated a SWCNT fi lm microbolometer array of 8 × 8 pixels, which were fabricated using a vertical process on a thin silicon nitride fi lm. [ 110 ] This uncooled microbolometer operated in the NIR and the edge of the midwave-IR band with a speed of 10 ms and detectivity of ≈5.5 × 10 6 cm Hz 1/2 W −1 .
Bolometers Based on SWCNT-Polymer Composites
The TCR of CNT fi lms is usually far less than ≈1%/K at 300 K, [ 65 ] so it becomes imperative to increase the TCR in order to improve the performance of CNT-based bolometric detectors at room temperature.
For CNT fi lms made of randomly distributed CNTs, the fi lm resistance is dominated by transport of electrons between nearby CNTs, which is highly sensitive to the temperature. [132] [133] [134] [135] This type of electrical transport is commonly described in the framework of the variable range hopping (VRH) model, [ 113, 122, 135 ] according to which the resistance of a CNT fi lm is given by
where E 0 is the activation energy of electron hopping between neighboring tubes, T is the temperature, and d is the Aligned SWCNTs (polystyrene matrix) Suspension (air) [112] 5.6-28 ≈0.82% 150-200 ≈500 N/A 2.5-20
SWCNTs (PNIPAm matrix) Suspension (air) [113] 0.5
MWCNTs (pristine) Suspension (patterned Si) [114] 0.06
Suspension (patterned resist) [115] 0.055 ≈0.08% 60 ≈110 4 × 10 6 0.94
Suspension (Ag antennas) [116] 0. 
where β is given by 1/( d+ 1). Fluctuation-induced tunneling (FIT) is another model which has been used to explain the temperature dependence of resistance of CNTs-polymer composites. [ 46, 68, 112 ] FIT deals with conductor-insulator composites in which electrical conduction is dominated by electron transfer between large conducting segments rather than by hopping between localized sites. [ 69, 136 ] Based on the FIT model, [ 112 ] the conductivity of CNT/polymer composites can be described as follows:
where σ 0 is a temperature-independent constant, k B T 1 represents the activation energy required for an electron to cross the insulator gap between conducting nanotubes, and T 0 is the temperature above which the thermal activated conduction over the barrier begins to occur. T 0 is very small (1-5 K) and thus can be ignored at room temperature. [ 112 ] Based on both Equations ( 13) and ( 14) , the TCR is dependent on the activation energy. It also depends on the dimension of the system from Equation ( 13) . Specifi cally, the lower the dimension, the higher the TCR provided that E 0 is larger than k B T . This implies that in general, there are three possible paths to optimize the TCR of a SWCNT fi lm: [ 113, 122 ] (i) high activation energy E 0 , which can be achieved by increasing the intertube distance or embedding SWCNTs into nonconductive polymer matrices; (ii) low dimensionality of electron conduction; by reducing the thickness of SWCNT fi lms, the electron transport behavior could become more 2D-like, and thus increase the TCR according to Equation ( 13) ; and (iii) highly semiconducting-enriched SWCNT fi lms; because semiconducting and metallic SWCNTs have opposite signs of TCR, a fi lm of SWCNTs containing a mixture of metallic and semiconducting CNTs will have a reduced TCR; and, the absolute value of TCR of metallic SWCNTs is usually lower than that of the semiconducting ones. [ 34 ] Of all methods listed above, increasing the activation energy E 0 by using polymer matrixes has been explored most extensively. Many different nonconductive polymers have been used, including polycarbonate (PC), [ 68, 122 ] polystyrene, [ 112 ] polyaniline, [ 123 ] poly( N -isopropylacrylamide) [ 113, 124 ] and polyvinylpyrrolidone, [ 111 ] and many of them indeed work very well. The TCR of SWCNT fi lms has been increased from 0.1 to 10%/K using this approach. [ 113 ] In 2008, [ 122 ] an IR bolometer based on suspended SWCNT-PC composite was reported by Aliev et al. The experiment showed that the resistivity of the SWCNT HiPco (2% wt)-PC composite increased by four orders of magnitude from 300 to 10 K, while the resistivity of HiPco SWCNT bukypaper only increased by two orders of magnitude in the same temperature range, as shown in Figure 9 b. The best value of TCR was around 0.3%/K at room temperature. The IR bolometer based on this composite operated at room temperature, with a responsivity of ≈150 V W −1 , but a relatively slow response time of ≈1 s 
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(see Figure 9 c). Two major reasons are responsible for the slow response time. First, the thermal conductivity between the fi lm and the environment is low; second, a large heat capacity due to the large fi lm thickness (tens of µm) and the mass density of the composite. Slightly increasing the SWCNT loading weight into the composite could shorten the response time but at the cost of the lower responsivity. Another solution is to decrease the fi lm thickness, which would maintain the responsivity provided that the fi lm is thicker than the thickness for complete optical absorption.
The highest TCR for SWCNT-polymer composites was reported by Xu et al., [ 113 ] who attained 10%/K, even larger than that (3%/K) of vanadium oxide. In this work, SWCNTs were incorporated into poly( N -isopropylacrylamide) (PNIPAm) to make SWCNT-PNIPAm composites. The high TCR was due to the strong enhancement of activation energy E 0 of CNTs due to the volume phase transition (VPT) of the polymer. The response time of the bolometer was ≈80 ms, which was due to the decrease of overall heat capacity and thermal conductivity at the VPT. Unfortunately, the VPT was irreversible, depending on both temperature and humidity, and thus led to the nonlinear change of TCR and instability of the bolometer.
An alternative to CNT fi lms made of disordered CNTs is to use fi lms where the CNTs are macroscopically aligned. In 2012, Levitsky et al. reported a high midwave-IR bolometric responsivity in an aligned-SWCNT/polymer composite, which outperformed most previous reports in terms of responsivity. [ 112 ] In this work, CoMoCAT (6,5)-enriched SWCNTs were embedded into polystyrene (PS) to make free standing fi lms with thickness in the range of 10-60 µm, and the SWCNT alignment was achieved by mechanical stretching (see Figure 10 a) . This bolometer showed a responsivity of ≈500 V W −1 and a response time of ≈200 ms. Further measurements showed that the TCR of this material was around 0.82%/K, while the randomly distributed SWCNT-PS composite and the pure SWCNT network had TCRs of ≈0.4 and 0.17%/K, respectively. The difference of TCR between aligned and randomly distributed fi lms was explained using FIT conduction in the carbon-polymer composite. [ 112 ] So far, the bolometer with the highest performance was reported by Gonzalez et al. (see Figure 11 ). [ 111 ] In their work, a bolometer based on a SWCNT-PVP (polyvinylpyrrolidone) composite showed a responsivity R V = 230 V W −1 , detectivity D * = 1.22 × 10 8 cm Hz 1/2 W −1 and a response time τ = 0.42 ms. Unfortunately, the tested wavelength range (300 nm-2 µm) was shorter than that where bolometers are typically used, so it remains to be seen if the performance can be maintained at longer wavelengths. Most recently, the same team investigated the bolometric properties of semiconducting and metallic SWCNT composite fi lms by using the same polymer. [ 34 ] The TCR of the semiconducting sample (95% semiconducting CNTs) has a higher value of ≈6.4%/K, while the metallic sample (95% metallic CNTs) showed a lower TCR value of ≈2%/K. These results demonstrate that the type of CNT has a direct impact on the TCR.
Bolometers Based on MWCNT Bundles or Films
Because multiwall CNTs (MWCNTs) have large diameters and are composed of metallic and semiconducting SWCNT shells, they tend to show smaller values of TCR compared to SWCNTs, [ 114 ] which is a disadvantage for constructing a bolometer, as shown in Table 4 . However, the unique structure of MWCNTs provides some advantages for IR detection. For example, it leads to an enhanced light absorption per tube, with the enhancement proportional to the number of inner shells.
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In addition, inner CNT shells can have a reduced thermal link to the environment and increase the sensitivity. [ 114 ] Consequently, based on existing reports, the sensitivity of MWCNT bolometers is comparable to that of SWCNTs bolometers. Furthermore, from a sample preparation point of view, it is much easier to fabricate aligned, homogeneous, large-area, and suspended MWCNT thin fi lms with various thicknesses, [ 117, [137] [138] [139] which in turn could potentially improve the performance of a detector.
Many MWCNT bolometers have been reported, including MWCNT networks, [ 114, [126] [127] [128] [129] vertically aligned MWCNT arrays, [ 131 ] aligned MWCNT fi lms [ 117 ] and MWCNT bundles with antenna structures. [ 95 ] Wu and co-workers reported a room temperature bolometric response (at a wavelength of 1.3 µm) for MWCNT fi lms suspended on patterned SiO 2 /Si substrates. [ 114 ] The observed detectivity of ≈3.3 × 10 6 cm Hz 1/2 W −1 is seven times larger than that obtained for SWCNT fi lms under the same conditions. The MWCNT bolometer also showed a relatively fast response time of 1-2 ms. The enhanced performance of the MWCNT bolometer was attributed to its unique microscopic confi gurations, where naturally suspended innershell CNTs provide high radiation absorbance per tube, engineered thermal link to environment, and reduced intertube junctions.
A polarization-sensitive IR bolometer made from highly aligned MWCNT fi lms was reported by Jiang et al. [ 117 ] This aligned MWCNT fi lm with a thickness of a few nm was made by mechanically drawing MWCNTs from a vertically aligned MWCNT array, as shown in Figure 12 a. The high alignment of MWCNTs not only allowed the bolometer to detect the polarization of IR radiation, but also gave a fast response time of 1-4 ms for an active area as large as 10 mm 2 .
Recently, Lu and co-workers developed a plasmonic-enhanced MWCNT infrared bolometer. [ 116 ] In this work, MWCNTs bundles were grown horizontally and suspended across small gaps of ≈100 nm formed by silver nanoantenna arrays on a SiO 2 /Si substrate. IR light was strongly concentrated at the nanoantenna gaps due to the plasmonic effect, and was able to effi ciently heat the MWCNTs. The device operated at room temperature with a responsivity as high as 800 V W −1 , and a detectivity of ≈1 × 10 7 cm Hz 1/2 W −1 under midwave-IR radiation of 10.6 µm, demonstrating the potential of increasing the performance of MWCNT-bolometers through nanoantenna techniques.

CNT Photothermopiles
The photothermoelectric (PTE) detector (also known as photothermopile) is another type of widely used thermal detector. Different from the bolometer, a PTE detector can, in principle, work under zero current or voltage without external power consumption. While suffering from relatively low speed and low sensitivity compared to photonic detectors, CNT-based PTE detectors show ultrabroadband response, which covers the electromagnetic spectrum from the UV, visible, infrared, and the THz region. They are advantageous in the detection of long wavelength radiation, and are particularly promising for THz detection at room temperature.
The PTE detector works based on the Seebeck effect, where the light heats the device and generates a temperature gradient along the device channel, which in turn gives rise to a photovoltage (photocurrent) across the device. The thermovoltage is defi ned by
where S is the Seebeck coeffi cient of the active material, and ∇ T is the temperature gradient in the sample channel. While S is an intrinsic property of the material itself, large temperature gradients require effi cient device thermal isolation from the environment, similar to a bolometric detector. Based on Equation ( 15) , a temperature gradient must be generated in the device, and this leads to three main device designs: in the fi rst design, the device is symmetric, and only one of the two contacts is illuminated, leading to a temperature gradient between the two electrodes. In the second design, a p-n junction is created in the channel, and the p-n junction is illuminated, causing a temperature gradient between the p-n junction and the contacts. In the third design, the fi lm is uniform but two different metals are used for the electrodes and the device is globally illuminated. In the case of illumination at one contact in a symmetric device, [ 66 ] the thermovoltage is ( )
where Δ T is the temperature difference between the two electrodes, and S metal is the Seebeck coeffi cient of the metal electrode. This component is usually small compared to that of the active material (the CNT material in this case), and can usually be neglected for a high-performing device. In the case of the p-n junction, we have instead
where S p and S n are the Seebeck coeffi cients for the p-type and n-type CNT material. Since the Seebeck coeffi cients of p-type and n-type materials have opposite signs, it is immediately clear from these two expressions that a p-n junction geometry is advantageous, provided that a high Seebeck coeffi cient can be realized for the p-type and n-type doping, and that a similar temperature gradient can be generated. (As in the case of the bolometric detector, the device response time is given by τ = C / G .) Given the simplifi ed situation where Johnson noise dominates the detector noise, the detectivity of a CNT PTE detector depends [ 140 ] on the thermoelectric fi gure of merit ZT as ≈ * D ZT where
with κ the thermal conductivity of the CNT fi lm. Thus, improving the performance of PTE detectors requires improving the full thermoelectric properties of the active material. CNTs are suitable to make broadband PTE detectors working in the longwave-IR and the THz due to the following reasons: (i) strong optical absorption due to the free carrier absorption and plasmonic resonances which can lead to large temperature increases, [ 24 ] (ii) relatively large Seebeck coefficient, with values of ≈80 to ≈160 µV K −1 due to enhancement through the incorporation of polymers [ 141 ] or electronic type separation, [ 142 ] (iii) conversion from p-type to n-type by diverse doping methods, [ 143 ] allowing for the fabrication of CNT-PTE detectors based on p-n junctions, [ 144, 145 ] and (iv) the fl exibility and strong mechanic properties, [ 146 ] allowing CNT fi lms to be suspended or deposited on many types of substrates. [ 147 ] CNT-PTE detectors have been made using large-size CNT fi lms, including CNT networks, [ 141, 145, 151 ] aligned CNT fi lms [ 144, 147, 148 ] and CNT-polymer composites. [ 152 ] The device structures are diverse, including p-n junctions, [ 141, 144, 145, 147 ] asymmetric metal electrodes, [ 148 ] and asymmetric thermal contacts. [ 149, 150 ] Table 5 lists the characteristics of some recent reports of CNT-PTE detectors. As can be seen, the response time of this type of detector is normally slow, in the range from milliseconds to seconds, due to the reliance on thermal dissipation. Currently, the detectivity of CNT-PTE detectors is also low, less than 10 7 cm Hz 1/2 W −1 , which is comparable to most CNT bolometers but much below the best photonic detectors in the NIR. However, as mentioned before, the advantage of these detectors is their broadband response which allows their application in regimes where photonic detectors have generally poor responsivity. A particular example is the THz regime, which is notoriously diffi cult for photonic devices. There are already two prototypes of THz PTE detectors based on CNT fi lms, [ 147, 150 ] as shown in Table 5 . Possible paths to further improve the speed and the sensitivity of CNT PTE detectors include (i) improving the thermoelectric properties by exploring the CNT alignment, [ 117 ] Copyright 2010, IOP publishing.
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density, diameter distribution, quality of junctions, etc, (ii) developing approaches to make suspended ultrathin fi lms in order to reduce the heat capacity and improve the response time, and (iii) developing approaches for voltage multiplication based on multiple junctions.
PTE Effect in Carbon Nanotubes
A detailed understanding of the photocurrent generation mechanism in CNTs is the fi rst step toward optimizing the design of CNT-based photodetectors. In principle, the photovoltaic and PTE effect coexist in CNT-based photodetectors, and the relative importance of one or the other mechanism is strongly dependent on the electronic types and assembly of CNTs, as well as the device confi guration. [ 86 ] Individual CNT diodes have been investigated intensely using spectrally and spatially resolved photoconductivity. As discussed in the previous section, studies suggested the photovoltaic effect was responsible for the photocurrent generation for substrate-bound individual s-SWCNT device, where the sample heating due to illumination was strongly inhibited. The importance of PTE effect was revealed for suspended SWCNTs with no and small band gaps. [ 63, 85, 153 ] Very recently, the question of the role of PTE effect in large bandgap semiconducting nanotubes has been studied in suspended CNT devices. [ 86 ] In this work, scanning photocurrent microscopy (SPCM) was used to investigate the local photocurrent generation of double-gated suspended s-SWCNT photodiodes (as illustrated in Figure 13 a) . The 2D map of the photocurrent as a function of electrostatic doping showed a fourfold-like pattern (see Figure 13 b ), indicating the coexistence of both photovoltaic and photothermal mechanisms in the device. Detailed analysis revealed that photocurrents generated by the PTE effect and the photovoltaic effect are in the same direction under the p-n doping profi le, but in opposite directions under the p-p − and p-p + doping profi les. In this case, the PTE effect could be dominant and reverse the sign of the photocurrent, if the contact resistance at the CNT-electrode interface was not very high. These results show that the PTE effect is generally present in CNTs regardless of the electronic type.
The fi rst example of a macroscopic PTE effect of bulk SWCNT fi lm was presented by the Martel group for symmetric devices with contact illumination. [ 66, 154 ] Under local illumination of macroscopic fi lms, previous studies had observed a sign change of the unbiased photovoltage (photocurrent) from one side of the device channel to the other, similar to the photovoltaic effect of individual semiconducting SWCNT except for the much slower response. The position effect initially was explained as originating from the diffusion of photoexcited carriers in the band-bending potential due to Schottky barriers at the nanotube-electrode junctions. [ 155, 156 ] In 2009, Martel et al. investigated the unbiased photovoltage on suspended CNT fi lms, [ 154 ] demonstrating that the photovoltage originated from light-induced heating and the spatial variation of the Seebeck coeffi cient along the CNT fi lm. Later, the same team demonstrated that the PTE effect was even dominant on macroscopic CNT fi lms deposited on substrates. [ 66 ] Two important features were as follows: (i) the photovoltage generated at the electrode/CNT interface was very sensitive to the substrate. With a substrate of high thermal conductivity (sapphire), the photovoltage magnitude was strongly suppressed, but it was enhanced on the substrate with low thermal conductivity (glass), as shown in Figure 14 a. On the contrary, the response time became much slower on the substrate with low the thermal SWCNT networks [141] p-n junction >10 s ≈1.3 N/A 0.98
SWCNT networks [145] p-n junction 0.034 s ≈0.9-1.8 2 × 10 6 0.66-1.8
Aligned SWCNT fi lm [148] Asymmetric electrode ≈32 us ≈0.028 1.1 × 10 5 0. 66-3.3 Aligned SWCNT fi lm [144] p-n junction 0.1-0.6 s ≈1 N/A 0.8-3.2
SWCNT networks [149] Asymmetric thermal contact N/A ≈2.5 N/A 140 GHz DWCNT network [150] Asymmetric thermal contact ≈0.2-8 s ≈0.022 N/A 2.52 THz
Aligned SWCNT fi lm [147] p-n junction ≈0.1 s ≈ 2. 
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conductivity (glass) (see Figure 14 b ). The inherent link between speed and sensitivity with the substrate thermal conductivity is a typical behavior of PTE detectors.
(ii) The photo voltage could be modifi ed by using different metals for the electrodes. The difference of the Seebeck coeffi cients between the electrode material and CNTs rather than the work function difference between them determined the photoresponse at the interface, indicating that the device behaved like a thermocouple in this situation. The results are shown in Figure 14 c, where the largest photoresponse came from the interface of SWCNTbismuth electrodes as it gave the largest difference of Seebeck coeffi cients (the Seebeck coeffi cient of the p-type SWCNT fi lm was ≈30 µV K −1 ).
PTE Detectors Based on Carbon Nanotube Films
Most CNT-PTE detectors are based on large size CNT fi lms, including CNT networks, [ 141, 145, 151 ] aligned CNT fi lms [ 144, 147, 148 ] and CNT-polymer composites. [ 152 ] These devices show broadband photoresponse spanning from the IR to the THz with different device structures such as p-n thermal junctions, metal-CNT junctions, and asymmetric thermal contacts. In 2010, [ 145 ] the Martel group designed a thermopile based on a p-n doping profi le in a suspended SWCNT fi lm, as shown in Figure 15 Reproduced with permission. [ 145 ] Copyright 2011, American Chemical Society.
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Adv. Optical Mater. 2015, 3, 989-1011 www.MaterialsViews.com www.advopticalmat.de the potassium-exposed region the Seebeck coeffi cient was ≈−10 µV K −1 (see the Figure 15 c). The CNT thermopile showed a time response of 36 ms, maximal responsivity of 1.6 V W −1 (see Figure 15 d), and a detectivity of 2 × 10 6 cm Hz 1/2 W −1 in the visible and near-infrared. This work was important in demonstrating that the SWCNT-based thermopile could be used as a broadband light detector with the overall performance comparable to that of SWCNT bolometers.
Fan et al. successfully turned a p-type CNT fi lm into a n-type one by using a more effi cient doping method based on polyethyleneimine (PEI). [ 141 ] SWCNT sheets displayed a large negative coeffi cient (≈−87 uV K −1 ) after PEI doping, while the original p-type sheet showed a positive coeffi cient (≈70 µV K −1 ). By integrating p-type and n-type CNT sheets in series, a NIR optoelectronic power source was constructed, in which the connection of each p-type and n-type CNT forms an individual thermocouple (as illustrated in Figure 16 a) . The output photovoltage of the device showed a good linear relationship with NIR light power (985 nm), and under global illumination, the device (consisting of 50 p-type elements and 50 n-type elements) had a responsivity of ≈1.3 V W −1 (see Figure 16 b), and a response time longer than 10 s. When compared to previous work with a single thermopile element based on CNT thin fi lms, the response time of this device is much slower, and the responsivity is of the same order. The reason is possibly due to the much larger thickness of CNT sheets (≈20 µm, and therefore a large heat capacity), and the global illumination which could have led to small temperature gradients. Nevertheless, the responsivity of the device with p-n junctions in series was around two orders larger than a single p-type (or n-type) element made with CNT sheets of the same thickness, indicating that multiple p-n junctions indeed could boost the sensitivity of the device.
Because the above devices were based on disordered networks of CNTs, one question is whether the degree of order in the fi lm plays a role in the performance, and if it can lead to new functionality (such as polarization sensitivity). The fi rst CNT-PTE detector based on aligned CNT fi lm was realized by our group. [ 148 ] In this work, horizontal SWCNT thin fi lms were made by dry transferring fi ns of vertically aligned, ultralong SWCNTs onto SiO 2 /Si substrates, as shown in Figure 17 . The length and the thickness of the fi lm were 300 and 0.6 µm respectively. The IR response (0.66-3.15 µm) of the aligned SWCNT fi lm was examined using SPCM with electrodes made by different metal materials (Au, Pd, and Ti). Unbiased photovoltages and photocurrent were observed at the interface of the electrodes and SWCNT channel with sign change from one side to the other, similar to previous results from CNT networks. The mechanism of the photocurrent was identifi ed as the PTE effect by detailed experimental and theoretical analysis. The largest photoresponse was obtained at the interface of Ti electrodes and the SWCNT fi lm, which was due to the highest increase in temperature compared to devices with other types of electrodes. A PTE detector was made by forming asymmetric electrodes at the two ends of the aligned SWCNT fi lm (Pd and Ti). The device generated net photocurrent under global illumination with a responsivity of ≈0.028 V W −1 , which was lower than the PTE detector based on CNT networks. There were a few reasons for the low responsivity: (i) global illumination led to weak temperature increase; (ii) the sample was on a substrate with good thermal conductivity (SiO 2 ) instead of being suspended. The low responsivity is balanced by the exceptionally high speed of the detector (≈32 µs) compared to other thermal detectors, as shown in Figure 17 d. Interestingly, the aligned CNT-PTE detector showed a unique and useful feature-polarization sensitivity. A photoresponse ratio of ≈0.5 was observed as the light polarization was rotated between the parallel and perpendicular direction of the CNT alignment, as shown in Figure 17 c.
To improve the sensitivity of the aligned CNT-PTE detector, we later designed a new device based on a p-n junction. The CNT thin fi lm was formed by rolling down SWCNT vertical arrays. [ 144 ] Because of the p-n junction, the active area of the device was moved to the center of the channel, where the p-n thermal junction was made by overlapping one p-type SWCNT fi lm with another n-type fi lm (see Figure 18 a). The n-type doping was achieved using benzyl viologen (BV), which is an effective and air-stable n-doping method. Based on Figure 18 b, the responsivity of the device supported by Tefl on tape was around ≈1 V W −1 , comparable to other CNT-PTE detector based on p-n thermal junction. A systematic analysis of the role of the substrate revealed the trade-off between the responsivity and response time of the detector. More importantly, this device was the fi rst p-n junction CNT thermopile that showed polarization sensivity, and also extended the demonstration of photoresponse to the MWIR with sustained effi ciency. This demonstration paved the way to further exciting studies in the THz range.
A CNT-PTE detector can work in the longwave-IR due to free carrier absorption, which in principle extends to the THz region. CNT-PTE detectors showing response under sub-THz radiation were made by Goltsman et al. [ 149 ] In these devices, CVD-grown CNT fi lms were partially supported by catalyst islands and partially contacted to the bottom SiO 2 substrate, leading to an asymmetric thermal contact to the substrate (see Figure 19 a,b) . When exposed to radiation, a temperature gradient was generated along the CNT fi lm due to the difference of thermal coupling to the substrate. A spiral antenna was attached to the CNT fi lm to collect the radiation effi ciently. These devices showed a DC voltage signal in response to radiation of 140 GHz in the temperature range from 4.2 to 300 K, as shown Figure 19 c. The best room temperature responsivity of the device was around ≈2.5 V W −1 , and it reached ≈500 V W −1 at low temperature (4.2 K).
Recently, we developed an antenna-free CNT-PTE detector working in the THz region, as shown in Figure 20 . [ 147 ] This detector was fabricated on a single piece of aligned SWCNT fi lm grown by a CVD method, with a fi lm thickness around 1-2 µm. The width of the SWCNT fi lm and the device channel length were 150 um and 1 mm, respectively. A p-n thermal junction was made by partially BV n-doping the as-grown p-type fi lm. The whole device was supported on suspended Tefl on tape for good thermal isolation. A photovoltage was observed under the THz radiation of 1-3 THz, with the average response of ≈2.5 V W −1 , as shown in Figure 20 d. Thermoelectric measurements showed a Seebeck coeffi cient for the original p-type fi lm of +70 µV K −1 , while that of the n-type fi lm was −70 µV K −1 . In addition, the detector was polarization sensitive due to the well-aligned structure of the SWCNT fi lm, with the ratio of photovoltage between parallel and perpendicular polarization between 0.1 and 0.3 (see Figure 20 (140 GHz) . Reproduced with permission. [ 149 ] Copyright 2013, AIP Publishing LLC.
Adv. Optical Mater. 2015, 3, 989-1011 www.MaterialsViews.com www.advopticalmat.de on macroscopic CNT fi lms. However, these devices still suffer from limited active area under THz radiation, low speed on the order of seconds, and low sensitivity. Further improvement is expected by (i) increasing the active area by the fabrication of multiple junctions on the same devices, (ii) using SWCNT fi lms with high semiconducting enrichment to boost the Seebeck coeffi cients and therefore the responsivity.
Conclusions
In conclusion, the fi eld of CNT photodetectors has evolved tremendously over the past few years. From the initial scientifi c demonstrations of photocurrent in individual CNTs, a number of macroscopic devices relevant to applications from the visible to the THz have since emerged. Fundamental studies have now clearly established the different mechanisms that can govern these detectors, and the paths toward improving their performance. We summarize the state of the fi eld in Figure 21 , where we show the detectivity of various types of devices in the visible, NIR, midwave-IR, and THz regimes. It is clear from this plot that most of the work has focused on visible or NIR detectors, with the photonic detectors showing the best performance. Much less work has been presented in the midwave-IR and THz range, where currently thermal CNT detectors are the only demonstrated devices.
In the NIR range, the best existing uncooled detectors (e.g., InGaAs) attain detectivities of 10 13 cm Hz 1/2 W −1 , so the demonstration of a CNT photovoltaic device with detectivity of 10 12 cm Hz 1/2 W −1 is quite remarkable. In the MWIR range, the performance of existing detectors (e.g., PbSe) drops to 10 9 -10 10 cm Hz 1/2 W −1 ; despite this reduction in performance, the existing CNT detectors are further from existing technology than in the NIR case, in part because much less work has been done in this regime. The situation is quite encouraging in the THz because of the relative lack of existing technology: typical [ 157 ] uncooled THz detectors (e.g., microbolometers) attain detectivities of 10 9 cm Hz 1/2 W −1 , so it is quite promising to see that the few CNT photodetectors demonstrated in this regime are already in reach of this value, particularly since the potential and path toward improvement have been clearly established. [ 39, 42, [45] [46] [47] [48] 65, 72, [75] [76] [77] [78] [109] [110] [111] [112] [113] [114] [115] [116] [117] 141, 144, 145, [147] [148] [149] [150] When the wavelength range in tables is small, a single data point is indicated in the middle of the range; if the range is larger, two data points are indicated at the ends of the range.
